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Abstract 
The liquid separation condenser (LSC) is superior in terms of performance because of its relatively low pressure 
drop without reducing heat transfer coefficients. It is compact, material saving, and suitable for use in the organic 
Rankine cycle. However, the total performance of LSC is dependent on tube and fin configurations. A suitable 
combination of these structural parameters can improve LSC performance significantly. In this study, a mixed-integer 
nonlinear programming (MINLP) model is formulated to optimize the tube pass, tube number per pass, tube length, 
tube diameter, and fin number simultaneously. The objective function is the annual total cost of investment and 
operation. A solution is proposed to solve the formulated MINLP model. A case study is presented to verify the 
model and solution algorithm. 
Keywords: liquid seperation condenser, optimization, MINLP 
1. Introduction 
Energy shortage and environmental deterioration have become serious issues at present because of 
rapid industrialization. A large amount of waste heat is released into the environment from industrial 
plants. This condition results in serious energy loss and environmental pollution. Organic Rankine cycle 
(ORC)-based power generation is a promising technology to recover waste energy and/or effectively 
utilize renewable energy with low enthalpy [1]. However, the investment cost of ORC systems with low 
heat source and/or low design capacity is relatively high [2]. ORC-based technology lacks 
competitiveness compared with traditional power generation technologies. Therefore, research on 
enhancing the thermal efficiency of ORC and reducing its investment cost is vital. The main equipment of 
ORC includes heat exchangers, an expander, and a pump. Heat exchangers, such as the evaporator and 
condenser, are the most important components in ORC. Research has shown that the exergy losses of the 
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condenser and evaporator account for 70% to 90% of the total exergy loss in ORC [3], and the capital 
investment for heat exchangers accounts for 40% to 90% of the total ORC investment cost [4–5]. Among 
heat exchangers, the condenser accounts for the largest proportion of the investment cost. ORC systems 
with a low-temperature heat source are more affected by condenser pressure drop and condenser area than 
those with a traditional high-temperature heat source. Increasing the heat transfer coefficient and/or 
reducing the pressure drop are significant in improving the performance of ORC. A high heat exchanger 
coefficient results in a small condenser area. A low pressure drop leads to low pump power consumption 
or high turbine power generation. Therefore, the selection, design, and optimization of the condenser are 
important to increase the thermal efficiency and/or decrease the total cost of ORC.  
Many studies have focused on the enhancement and optimization of the geometries of the heat 
exchanger to reduce the heat transfer area or the total cost of heat exchangers. However, research has 
shown that in many cases, enhancement of heat transfer usually results in high pressure drop. Peng et al. 
[6] proposed a liquid–vapor separation condenser (LSC). In the proposed LSC, the heat transfer tube is 
divided into several passes to reduce the mass flow rate and obtain a low pressure drop. A number of 
liquid–vapor separators are designed to remove the condensate between each two adjacent passes so that 
the fluid with high vapor quality enters the next pass. Thus, the designed LSC achieves both large heat 
transfer coefficient and low pressure drop. The advantages of using LSC in refrigeration systems 
compared with the use of a parallel flow condenser were reported and verified by Chen et al. [7–9]. Chen 
et al. [10] compared LSC, serpentine condenser (SC), and parallel-flow condenser (PFC) utilized in ORC 
in terms of condenser heat transfer coefficient, condenser pressure drop, condenser cost, cycle thermal 
efficiency, and cycle net power generation. Their results show that LSC is superior to SC and PFC in both 
thermodynamic and economic aspects when employed in ORC under similar operation conditions.  
As demonstrated by Chen et al. [7–9], the performance of LSC is largely dependent on suitable tube 
pass arrangement and tube and fin configurations. Therefore, LSC design optimization is necessary to 
improve the performance of ORC. However, LSC design optimization involves not only continuous 
variables (e.g., tube diameter, tube length, fin length, fin thickness) but also discrete variables (e.g., total 
tube number, tube pass number, tube number per pass, fin number per length). In addition, the heat 
transfer coefficients and pressure drop differ from one pass to another or even from one tube per pass to 
another. Therefore, LSC design optimization is challenging. In this paper, an optimization strategy for the 
structure and parameters of LSC in ORC is proposed. A mixed-integer nonlinear programming model is 
formulated to optimize the tube and fin parameters simultaneously. A solution algorithm is proposed to 
solve the MINLP model. Several cases are discussed to validate the model. 
Nomenclature 
Δp pressure drop 
α heat transfer coefficients 
Nt tube number 
Q            heat load 
Nu          Nusselt number 
A            heat transfer area 
M           mass flow rate 
2. Problem description 
2.1. ORC and LSC 
A schematic of ORC for low-grade waste heat recovery is shown in Fig. 1(a). Schematics of the tube 
and air sides of LSC are shown in Figs. 1(b) and 1(c). As shown in Fig. 1(b), the presented LSC is 
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actually a special parallel flow condenser. The tube side of LSC was divided into several tube passes 
composed of short tube banks and a pair of headers at both ends. A number of round bronze sheets with 
several orifices and non-uniform diameters utilized as baffles were set in the headers to remove liquid 
from the liquid–vapor flow during condensation in the previous pass and leaving only the refrigerant with 
high vapor quality to condense. The actual mass flow rate into the next pass was reduced. The tube 
number of each pass was also reduced to ensure a uniform heat transfer. Given that the passage numbers 
of each path are integers, the refrigerant mass flow rates in the tubes were not identical for each pass. In 
summary, the different refrigerant mass flow rates and discontinuous variations in average quality in the 
tubes of each pass are expected to result in different thermodynamic performances in each tube. 
Calculating the in-tube condensation heat transfer coefficient and pressure drop directly by using classical 
theory models and experimental correlations for in-tube condensation in literature is thus difficult. 
Although the air-side configuration of LSC is not a novel structure, it must be optimized to be consistent 
with the tube-side configuration to achieve an optimal LSC overall performance. 
The optimization problem addressed in this study may be summarized as follows. Given the flow rate 
and inlet/output temperatures of the work medium to be cooled with air, the design problem involves 
determining the optimal overall configuration of LSC on the basis of the optimization criteria of minimize 
the total annual cost, including investment (heat transfer area) and operating (pump and fan power 
consumption) costs. In this design issue, the trade-offs involved in the discrete and continuous decisions 
were optimized simultaneously.  
      
a)                                                           b)                                                                      c) 
Fig.1. Schematic of (a) ORC, (b) tube side of LSC, and (c) air side of LSC 
3. Optimization model 
3.1. Assumptions 
The assumptions are as follows. First, the tube wall temperature (Tw) in the entire condenser is 
constant. Second, the distribution of the refrigerant in each tube per pass is uniform. Third, the saturation 
temperature (Tsat) along the total flow circuitry is constant. Lastly, the properties of the refrigerant, such 
specific heat capacity, viscosity, and surface tension, are constant in during condensation. 
3.2. Mathematical model 
The mathematical model of LSC is composed of the constraints and models of (1) the heat transfer 
coefficients of both tube and air sides, (2) the pressure drop of both tube and air sides, (3) the mass flow 
rate and dryness constraints of different tube passes caused by liquid separation at the end of each pass, (4) 
the calculation model of the mean heat transfer coefficient and total pressure drop of the tube side of LSC, 
and (5) the objective function. The models or correlations of the heat transfer coefficients and pressure 
drop are important for accurate LSC simulation. The models or correlations should satisfy the flow 
conditions of the calculated LSCs because the refrigerant may exhibit various flow patterns in the LSCs. 
Annular and stratified or wavy flows sometimes occur in several passes. In this study, the tube side heat 
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transfer models of Cavallini et al. [11] and the tube side pressure drop models of Choi et al. [12] were 
adopted. Hua et al. [8] demonstrated that these models have acceptable accuracy. In addition, the air side 
heat transfer and pressure drop models of Wang et al. [13] were selected. Details on these models can be 
found in References [11–13] and are not presented in this paper because of limitations in space.  
Table 1. LSC model 
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Equation (1) shows the relations between mass flow rate and dryness at the end of the previous pass 
and at the inlet of the following passes. Equations (2) and (3) provide the constraints of tube number per 
pass. Equations (4) and (5) provide the tube side equivalent heat transfer coefficients and total pressure 
drop. Equation (6) shows the relation between j factor [16] and air side Nusselt number (Nua), and 
Equation (7) shows the relation between f factor [16] and pressure drop Δp. Equation (8) yields the heat 
exchanger area of one fin. Equation (9) shows the heat exchanger area of all fins. Equation (10) shows the 
total heat exchanger area of all fins and outside of all tubes. In this study, economic cost was employed as 
a design criterion to evaluate the performance of the condenser in ORC. Total cost Ctot is composed of 
capital investment and total operating costs, as shown in Equation (15). Investment cost is a function of 
condenser internal surface, as shown in Equation (16). The total operating cost related to pumping power 
overcoming pressure loss of the tube and air sides was evaluated with Equations (17) to (19), where Cop 
and CE refer to the annual operating cost and energy cost per year, respectively; i and Hyear refer to annual 
discount and annual operating time, respectively; and Wcondenser refers to the pumping power of the 
condenser.  
4. Solution strategy 
The presented model in Table 1 is an MINLP model. Establishing an optimal or even a feasible 
solution for MINLP models is difficult. In this study, the MINLP model was formulated in GAMS 23.6. 
The bounds of both continuous and discrete variables were reasonably provided. Two strategies were 
developed to obtain a feasible solution. First, the initial values of the discrete variables were predefined. 
Second, several commercial solvers of CONOPT, MINOS, SNOPT were used in sequence to solve the 
relaxed MINLP model (RMINLP). Then, the solver DICOPT was used to solve the MINLP model.  
5. Applications of the developed MINLP model  
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The presented optimization model was verified through a case study. Table 1 shows the parameter 
dataset assumed for all examples. The  MINLP  models were  formulated in  GAMS 23.6  on  a 3.0  GHz 
Intel(R) Core (TM) 2 PC. A case in Reference [8] was studied to test the presented model and solution 
strategy. Table 4 shows the dimensions of tubes and fins. The working medium is R134a. The total heat 
flow is 2000 w, flow rate of R134a is 0.021kg/s. Table 3 provides the lower and upper bounds of the 
variables. Table 4 presents the results of the base and two optimization cases of LSC. In Table 4, the base 
case indicates the result with minimum PF in Reference [8]. In case 1, only the tube pass configuration is 
optimized while other variables are kept constant as those in the base case. In case 2, the tube passes and 
the variables showed in table3 are optimized while other variables are kept constant compared with case 
1.The results in Table 4 show that the total cost of case 1 is 15.08% lower than that of the base case. The 
cost reduction is caused by the low tube side pressure drop in case 1. The total cost of case 2 is 16.88% 
lower than of the case 1, which is caused by the low air side pressure drop. The optimization results show 
that significant cost saving can be achieved when the proposed model is utilized to optimize the LSC 
configurations simultaneously.  
Table 2. Dimensions of the helical micro-fin tube and the slit-louvered fin 
p 
(mm) 
h 
(mm) 
b 
(mm) 
β 
(°) 
γ 
(°) 
ng 
/ 
Fδ 
(mm) 
Fl 
(mm) 
Lh 
(mm) 
Ls 
(mm) 
Ll 
(mm) 
Ln 
(mm) 
0.408 0.15 0.14 53 18 60 0.115 294 1.2 1 12 6 
Table 3. Lower and upper bounds of variables 
ns Lk(m) D0(mm) 
100–1200 0.29–0.89 0.29~0.89 
Table 4. Optimization results 
Ntot Base case Case 1 Case2 
NP 5-3-2-1-1-1-1 4-4-3-3 8-6 
D0(mm) 7.37 7.37 5.58 
L (m) 0.49 0.49 0.678 
ns 714 714 475 
αi (W/m2K) 7429.8 6525.57 7687.1 
αa (W/m2K) 125.57 127.91 120.18 
U(W/m2K) 82.91 81.84 82.443 
ᇞPi (Pa) 13881 2035.9 2307 
ᇞPa (Pa) 16.96 18.278 8.233 
Atot (m2) 2.3194 2.3194 2.329 
Wcondenser (W) 15.23 10.18 5.114 
Ci (¥) 116.746 116.746 118.472 
Cop (¥) 97.465 65.167 32.73 
Ctot (¥) 214.212 181.91  151.202 
PF 1.207 0.106 0.054 
Gm(kg/s) 0.021 0.021 0.021 
6. Conclusion  
LSC is superior to other condensers because of its high heat exchanger coefficients, low pressure, and 
compactness. A structure and parameter optimization strategy for LSC in ORC was developed. A mixed-
integer nonlinear programming model was formulated to simultaneously optimize the tube and fin 
parameters. A solution algorithm was proposed to solve the MINLP model. Two cases were presented to 
validate the model. The base case results showed that the proposed model is robust in simulating and 
optimizing LSC. The optimization results for the two cases showed a significant cost reduction compared 
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with the base case. The optimal configuration of LSC is more sensitive to pressure drop than the heat 
transfer coefficients.   
It is worth noting that the demonstrated cases are small cases with very low heat load. High 
optimization potential would be achieved if the model is utilized in large cases. In addition, the LSC 
model provides a base model for the future optimization of ORC containing LSC. 
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